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Abstract
The aim of this study was to investigate the formation of surface roughness on the Ti-35Nb-xZr alloy using 
femtosecond laser for biocompatibility. Ti-35Nb-xZr alloys exhibited equiaxed structure of ȕ phase. The femtosecond 
laser textured surface showed higher of Rp and Ra than non treated surface. The femtosecond laser textured surface 
showed lower contact angle than non-treated surface.
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1. Introduction
This study investigated the effect of an anodizing process on the corrosion behavior of Ti-xHf alloys 
that were prepared in a vacuum arc furnace. Oxide structures were formed on these alloys in 1M H3PO4
electrolytes at room temperature, and their corrosion behavior was studied by electrochemical methods.
Titanium and its alloys such as Ti-6Al-4V and Ti-6Al-7Nb are widely used in biomedical applications for 
artificial hip, orthopaedic, or dental implant because of their good mechanical properties and 
biocompatibility [1,2]. However, the Ti-6Al-4V alloy may cause to serious health problem because the 
vanadium ions have been found to cause cytotoxic effects and adverse tissue reactions while the 
aluminium ions have been associated with neurological disorders [3,4]. In order to overcome these 
disadvantages of Ti-6Al-4V alloy, many Ti alloys composed of non-toxic elements such as Nb, Ta, Zr, Hf
and Mo have been developed for use in biomedical applications [5-9].
The surface roughness of the titanium alloy implant surface plays a role in connecting together the 
surrounding tissues, thereby leading to a shorter healing period [1,10-12]. In this regard, sand blasting, 
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plasma spraying and acid etching have become commonly approaches used to improve the surface 
topography and increase the surface area. The problems of surface treatment are the contamination during 
the roughening procedure [13]. The surface of dental implant should be free from any contamination for 
manufacturing process [13]. Using laser techniques for roughening the implants surface can prohibit to be
contamination from manufacturing process, because the laser enables implant surface treatment without 
direct contact, and an easier control of the surface roughness is achieved [14]. The aim of this study was 
to investigate the formation of surface roughness on the Ti-35Nb-xZr alloy using femtosecond(FS) laser 
for biocompatibility. The surface morphology of FS laser textured was investigated by SEM, EDX, XRD, 
roughness test, wettability test and corrosion test.
2. Materials and methods
The Ti-35Nb-xZr ternary alloys, with Zr contents ranging from 3, 5, 7, 10, 15 wt % were prepared 
using CP titanium (G&S Titanium, Grade 4, USA), Niobium and Zirconium (Kurt J. Lesker Company, 
99.95 wt% purity, USA). The Ti-35Nb-xZr alloys were prepared using a vacuum arc-melting furnace 
(SVT, KOREA). The Ti-35Nb-xZr ingots were remelted at least six times in order to avoid 
inhomogeneity, and then homogenized for 24 h at 1000 °C (MSTF-1650, MS Eng, KOREA) in an Ar 
atmosphere followed by quenching in 0 °C water. Cylindrical specimens (diameter 10 mm, thickness 3
PPZHUHXVHGPHFKDQLFDOO\SROLVKHGWRȝP using by Al2O3 solution. For surface texturing, we used 
an amplified Ti: sapphire laser system that generates 184 FS laser pulses with the pulse energy over 20 
mJ at a 1 kHz repetition rate with a central wavelength of 800 nm. It obtained a surface with uniform 
holes by scan speed of 70mm/s. The phase and composition of the FS laser textured surfaces were 
determined by using an X-UD\ GLIIUDFWRPHWHU ;5';CSHUW 352 3KLOLSV ZLWK &X .Į UDGLDWLRQ 7KH
surfaces were observed by field-emission scanning electron microscopy (FE-SEM, Hitachi 4800, Japan) 
and energy dispersive x-ray analysis (EDX, Oxford ISIS 310, England). Surface roughness measurements
were obtained by using a surface roughness tester (surfcorder, SE 1700 kazakalab, Japan). This system 
was capable of measuring Ra (roughness average) values on vertical and horizontal lines of the specified 
area on the sample. Surface wettability was evaluated on the polished surface and FS laser textured 
surface using a water contact angle goniometer (Kruss DSA100, Germany) in sessile drop mode with 
5 ȝ/ GURSV Corrosion behavior was investigated using a standard three-electrode cell having the 
specimen as a working electrode and a high-carbon counter electrode. The potential of the working 
electrode was measured against a saturated calomel electrode (SCE) and all specimen potentials were 
referenced to this electrode. The corrosion properties of the specimens were first examined by a 
potentiodynamic polarization test (potential range from -1500 to 2000 mV) at scan rate of 1.67 mV/s in 
0.9% NaCl solution at 36.5 ± 1 °C. Also, AC impedance test was performed from 10 mHz to 100 kHz in 
0.9% NaCl solution at 36.5 ± 1 °C  (PARSTAT 2273, EG&G Company, USA).
3. Results and discussion
Fig. 1 shows the FE-SEM and EDX results of Ti-35Nb-xZr alloys after heat treatment at 1000 °C for 
24 h in Ar atmosphere, followed by 0 °C water quenching. The microstructure exhibited only equiaxed ȕ
grains for all samples. Fig. 1 (a), (b) and (c) exhibit ȕ grains with coarse boundaries that can indicates 
[15], Ti-35Nb-15Zr alloy (c) has smaller grains than Ti-35Nb-3Zr alloy (a) and Ti-35Nb-7Zr alloy (b), 
which can be translated entirely ȕ phase by increasing the Zr content. This phenomenon can be explained
that the Zr played role to reinforce the ȕ phase stabilization in Ti alloys [16,17]. And it is expected that 
WKHSUHVHQWRIȕSKDVHFDQ LPSURYH some mechanical properties, which eliminates high elastic modulus
Y. H. Jeong et al. / Procedia Engineering 10 (2011) 2393–2398 2395
[15]. Fig. 1 (d) and (e) of EDX results, chemical composition was in accord with alloys design such as Ti, 
Nb, and Zr element detection.
Fig. 1. The FE-SEM and EDX results of Ti-35Nb-xZr alloys after heat treatment at 1000 °C for 24 h in Ar atmosphere, followed by 
0 °C water quenching: (a) 3 % Zr; (b) 7 % Zr; (c) 15 % Zr; (d) 3 % Zr; (e) 15 % Zr
Fig. 2. The FE-SEM images of FS laser textured surfaces on the Ti-35Nb-xZr alloys: (a) 3 % Zr; (b) 7 % Zr; (c) 15 % Zr
Fig. 3. The high resolution FE-SEM 
image and EDX line profile of FS
textured Ti-35Nb-xZr alloys: (a) 3 % Zr;
(b) 7 % Zr; (c) 15 % Zr
Utilizing FS laser pulses to make micro texturing surface is an attractive technique, and one of the 
most prominent characteristics is that precise control can be achieved by adjusting various parameters. 
Unlike common lasers which can only produce the holes or pores over hundreds of micrometers, FS laser 
can create micro pores or holes about several micrometers with high precision [13]. Fig. 2 shows the FE-
SEM image of laser textured surfaces on the Ti-35Nb-xZr alloys. From the Fig. 2 (a), (b) and (c), it shows 
regular micro holes were formed on Ti-35Nb-xZr alloys after FS laser treatment. The FS laser treatment 
is more controllable than other physical treatment methods, not only on the process parameters, but also 
on the size of micro holes, such as plasma spraying, sand blasting and acid etching [13]. The diameter of 
water drop like micro holes is about 20 ȝP seen from the high magnification in Fig. 3 (a), (b), and (c). 
But, it does not have any different of FS laser texture surface by Zr concentration.
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Fig. 3 shows the high resolute FE-SEM image and EDX line profile of FS textured Ti-35Nb-xZr alloys.
From the EDX line profile, it have proved that the main element of FS laser textured surfaces were Ti, Nb, 
Zr and O. The oxygen concentration may come from Ti oxide, Nb oxide and Zr oxide which is occurred
during FS laser texturing. Especially, Zr elements were shown growing peaks by increment of Zr contents 
in Ti-35Nb-xZr alloy and it can be proof manufacturing perfective Ti-35Nb-xZr alloy from EDX line 
profile. From the Fig. 2 and 3, there is an application that mechanical interlocking of bone is essential to 
the improved performance of endosseous implant. One possible explanation is given by the adaption of 
bone to mechanical loading played by the osteocytes acting as mechanosensors [18]. Evidence of the 
important relevance of increased bone to implant contact has been provided by measurement of the 
physical interaction of micron level rough implants with bone [18].
Fig. 4 shows the XRD peaks of FS laser textured Ti-35Nb-xZr alloy. The XRD peaks were identified 
using the JCPDS diffraction data for element standards. As the Fig. 4 does not shows Į SKDVH RU
PHWDVWDEOHȦSKDVHEXWKLJKHULQWHQVLW\RIȕSKDVHE\DGGLQJ=UFRQFHQWUDWLRQ,WFDQEHVXJJHVWHGWKDW
WKHSUHVHQWRI=ULQWKH7LDOOR\VLQKLELWĮSUHFLSLWDWLRQ [15]. By results of Fig. 2 and Fig. 3, what in its 
VWUXFWXUH KDYH RQO\ WKH SUHVHQW RI ȕ SKDVH LW LV YHULILHG YHU\ ORZ HODVWLFPRGXOXV DQG FORVHVW WR ERQH
modeling [19,20]. Previous studies revealed that higher surface roughness can increase the number of 
cells adhering to the substrate and cell activity [21]. From the surface roughness test, the FS laser textured 
Ti-35Nb-xZr alloys show higher value of Ra (average of surface roughness) with 0.139 ȝP than that of 
non treated Ti-35Nb-3Zr alloy with 0.099 ȝP.
Contact angle value was measured as an indication of surface wettability and surface biocompatibility. 
Roughening the surface has previously been shown to improve the wettability and therefore reduce the 
contact angle [21]. In this study, Fig. 5 shows the contact angle values of Ti-35Nb-xZr alloys. FS laser 
textured Ti-35Nb-xZr alloys showed lower contact angle < 40e which means the high wettability, that is, 
good hydrophilic property and good biocompatibility, whereas, non textured samples showed the low 
wettability, that is, hydrophobic property with high contact angle > 40e.
Fig. 6 shows the results of electrochemical corrosion test of non treated Ti-35Nb-xZr alloys and FS
laser textured Ti-35Nb-xZr alloys. The anodic polarization curves show in Fig. 6 (a) and (b), the Bode 
and Bode phase plot from EIS results show in Fig. 6 (c) and (d) after potentiodynamic and AC impedance 
test in 0.9% NaCl solution at 36.5 ± 1 qC, respectively. The results for corrosion potential (Ecorr), 
corrosion current density (Icorr), corrosion current density at 300 mV (I300), solution resistance (Rs) and 
polarization resistance (Rp) from the polarization and EIS curves are given to Table 1. From the
corrosion characteristics of bare surface in Fig. 6 (a) and (c), these are not significantly different with Zr
content, but, Rp of Ti-35Nb-15Zr alloy shows the highest value with 1.11 ໱/່. This result indicates that 
Fig. 4. XRD peaks of FS laser textured Ti-
35Nb-xZr alloy.
5. Contact angle values of Ti-35Nb-xZr alloys: (a) 3 % Zr; (b) 
7 % Zr; (c) 15 % Zr; (d) FS laser textured 3 % Zr; (e) FS laser 
textured 7 % Zr; (f) FS laser textured 15 % Zr
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Zr content significantly increases the electrochemical performance of Ti-Nb-Zr alloy [22]. Also, this can 
be an important factor for the improvement of osseointegration. However, from compare of bare surface 
and FS laser textured surface, it can be seen that Ecorr is lower and Icorr is higher for the Ti-35Nb-xZr 
alloys with FS laser textured surface due to formation of large surface area which is attack site by Cl- ions.
Even though the formation of large surface, FS laser textured surface showed the good corrosion 
resistance.  That phenomena can explain that Ti oxide, Nb oxide and Zr oxide which is occurred during 
FS laser texturing have been formed on the FS laser textured surface from Fig. 3. Bode plot for bare 
surface and FS laser textured surface of Ti-35Nb-15Zr alloy show near-capacitive response in the lower 
and middle range, which was characterized by slope of -1 [23] and phase angle shows the range of
approximately 90° from high frequency to low frequency. It can also be observed that the values of 
impedance פZפ in the high frequency range increased as the materiality of Zr content. In conclusion, Ti-
35Nb-xZr alloys exhibit very high corrosion resistance and FS laser textured Ti-35Nb-xZr alloys may 
have a very stable surface morphology to application of biomaterial due to ordered micro textured surface 
and oxide layer with high corrosion resistance.
Fig. 6. The results of electrochemical corrosion test of non treated Ti-35Nb-xZr alloys and FS laser textured Ti-35Nb-xZr alloys: 
anodic polarization curves of (a) non treated sample and (b) FS laser textured sample, EIS curves of (c) non treated sample and (d) 
FS laser textured sample.
Table 1. Electrochemical parameters of Ti-35Nb-xZr alloys from anodic polarization and EIS curves: corrosion current density (Icorr), 
current density at 300 mV (I300mV), corrosion potential (Ecorr), solution resistance (Rs) and polarization resistance (Rp)
4. Conclusions
The Ti-35Nb-xZr alloys exhibited equiaxed structure with ȕ phase, the XRD peaks of ȕ phases in FS laser 
textured Ti-35Nb-xZr alloys increased with Zr content. The FS laser textured Ti-35Nb-xZr alloys showed 
Ti-35Nb-xZr Ecorr (็) I300mV (ต/ะ) Icorr (ต/ะ) Rs (๑/ะ) Rp (๑/ะ)
As surface 3Zr -440 4.70 0.58 1.2 x 10-5 0.07 
5Zr -380 3.55 0.33 1.2 x 10-5 0.67 
7Zr -380 5.80 0.37 7.7 x 10-6 0.69 
10Zr -450 6.32 0.72 9.1 x 10-6 0.40 
15Zr -420 4.19 0.62 2.1 x 10-5 1.11 
Laser textured
surface
3Zr -550 3.58 0.82 1.4 x 10-5 0.27 
5Zr -510 7.00 0.75 8.3 x 10-6 0.12 
7Zr -490 3.23 0.53 1.2 x 10-5 0.24 
10Zr -450 4.15 0.51 5.9 x 10-6 0.17 
15Zr -520 3.08 0.35 2.1 x 10-5 0.36 
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higher value of Ra than that of non treated Ti-35Nb-3Zr alloy. FS laser textured Ti-35Nb-xZr alloys 
showed lower contact angle compared to non-treated alloys. The FS laser textured Ti-35Nb-xZr alloys 
exhibited good corrosion resistance and stable surface morphology.
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